ABSTRACT Populations of several thrips species were estimated using yellow sticky traps in an orchard planted with mango, Mangifera indica L. during the dry and wet seasons beginning in late 2008 Ð2009 on Penang Island, Malaysia. To determine the efÞcacy of using sticky traps to monitor thrips populations, we compared weekly population estimates on yellow sticky traps with thrips population sizes that were determined (using a CO 2 method) directly from mango panicles. Dispersal distance and direction of thrips movement out of the orchard also were studied using yellow sticky traps placed at three distances from the edge of the orchard in four cardinal directions facing into the orchard. The number of thrips associated with the mango panicles was found to be correlated with the number of thrips collected using the sticky trap method. The number of thrips captured by the traps decreased with increasing distance from the mango orchard in all directions. Density of thrips leaving the orchard was related to the surrounding vegetation. Our results demonstrate that sticky traps have the potential to satisfactorily estimate thrips populations in mango orchards and thus they can be effectively employed as a useful tactic for sampling thrips.
Mango (Mangifera indica L.), the oldest cultivated fruit in Malaysia, is both heavily consumed within the country and important as a world export (Swirski et al. 1997 ). Given its importance as an agricultural commodity, the economic damage imposed by thrips on mango production can have profound effects. On a superÞcial level, feeding and oviposition by thrips on young fruit causes scarring and fruit deformation, which results in unmarketable produce (Higgins 1992 , Pena et al. 2002 ). On a more serious level, thrips may reduce mango crop yields by damaging the panicles from which the fruit arise and also may cause economic damage by transmitting plant viruses (Lewis 1997a, Morse and Hoddle 2006) .
In Malaysia, mango orchards are infested by a diverse thrips fauna that necessitates the use of synthetic pesticides. However, not only does insecticide use pose a threat to human and environmental health, these pesticides are showing decreasing effectiveness because of the development of insecticide resistance by pest insects (Weisenburger 1993 , Horrigan et al. 2002 , Desneux et al. 2007 ). To minimize human costs and reduce the ability of thrips to develop insecticide resistance, there is an increasing emphasis on implementing integrated pest management (IPM) programs. IPM programs involve appropriate and economically sound methods and a minimal use of pesticides (Hillocks 2002, Phipps and Park 2002) .
The Þrst step in controlling thrips involves the monitoring of population sizes to determine the most effective tactics that should be employed in their management. In a previous study comparing a variety of sampling methods, the CO 2 method exhibited the highest efÞciency and lowest relative variation compared with the absolute count of thrips in a mango orchard (Aliakbarpour and Che Salmah 2010a). A currently employed method for monitoring the presence, abundance, and behavior of thrips involves the use of sticky traps (Takagi 1978 , Puche et al. 1995 , Lewis 1997b , Grove et al. 2000 , Pearsall and Myers 2001 , Casey and Parrella 2002 , and Nault et al. 2003 . These sticky traps have been commercialized in various colors for capturing thrips; with yellow, blue and non-UV reßecting white traps being most effective (Lewis 1959 , Kirk 1984 , Gillespie and Vernon 1990 , Diraviam and Uthamasamy 1992 , Cho et al. 1995 , Hoddle et al. 2002 , Arevalo and Liburd 2007 . Although studies have found sticky traps to be effective in monitoring thrips in some systems (Steiner and Goodwin 2005) , other studies have either found a low or nonexistent correlation between the abundance of thrips on sticky traps and those thrips on the cultivar of interest (Boone 1999 , Slosser et al. 2005 , although their efÞciencies were not compared with more reliable methods such as the CO 2 collection or absolute techniques (Aliakbarpour and Che Salmah 2010a).
In this study, we assess the utility of using the sticky trap method to monitor thrips population dynamics by comparing the number of thrips associated with the sticky trap relative to the number measured directly on the mango panicles. The numbers on the panicles were estimated using a previously established CO 2 method (Aliakbarpour and Che Salmah 2010b). In addition, to correlate thrips density on traps to that in panicles, we were also interested in determining whether the (ii) cardinal direction (trap placement) affected trap capture rate and (iii) quantifying the distance that the thrips dispersed from the orchard.
Materials and Methods
Orchard Conditions. This study was carried out in an Ϸ2-ha square-shaped mango orchard located at Kampung Perlis on Penang Island, Malaysia. The orchard is located adjacent to an abandoned Þeld with growth of various weed species such as Mimosa pudica L., Cleome rutidosperma DC, Echinochloa colonum (L.) Link, and Borreria laevicaulis (Miq.) Ridl. and was surrounded by banana (Musa spp.) plantations along three other edges. The mango orchard is irrigated through drip tubes spread over the orchard and the predominant variety of mango grown is MA224. Mango trees are regularly pruned for ease of the next harvest and pesticides are frequently applied to suppress insect pests and fungal diseases throughout the growing season at growerÕs discretion. Two major drought periods, from January to March and from June to July, occur cyclically in Malaysia. The remaining months are characterized by heavy rainfall (Kwee and Chong 1994) .
Monitoring of Thrips Density By Using CO 2 Collection Technique. Thrips species inhabiting mango panicles were sampled from 35 trees at weekly intervals during two consecutive ßowering seasons: from December 2008 to March 2009 (dry season) and from August to September 2009 (wet season). Two panicles were randomly selected from each tree and each panicle was covered with a plastic bag. Thrips within panicles were immobilized with CO 2 (Malaysian Oxygen Berhad, Petalling Jaya, Selongor), in a 25-cmdiameter by 55-cm-length cylinder, released for 30 s into plastic bags with a ßow rate of 3.45 kPa (50 psi). The plastic bags were immediately fastened with rubber bands, marked with the date and tree numbers, and transported to the laboratory for identiÞcation and counting of the thrips species collected. In the laboratory, each plastic bag was thoroughly washed with 70% ethanol and individual thrips were separated under a stereomicroscope.
Monitoring of Thrips Population Level By Using Yellow Sticky Trap. Densities of different thrips species within the orchard were monitored from December 2008 to November 2009 by using yellow sticky traps (10 by 16 cm) (Seabright 254011; Biocontrol Network, Brentwood, TN). Yellow sticky cards were used in this study because of ease of trap visibility and thrips detection on the trap. Ten double-sided sticky traps were suspended 1.5 m above the ground in mango trees. One trap was put out randomly along each of the ten selected rows in the orchard. Traps were replaced and the number of thrips was counted at weekly intervals.
Distance of Dispersal and Direction of Thrips Flight. One yellow sticky trap was put out at a height of 1.5 m, facing into the orchard, at three selected distances (0, 5, 10 m) from the edge of a mango orchard at four cardinal directions (12 sticky traps in total). This study was carried out from December 2008 to September 2009 to investigate distance of dispersal by thrips ßight and direction of thrips movement out of the orchard. All traps were collected and replaced weekly and the collected traps were wrapped individually in a plastic bag. They were transported to the laboratory for examination under a stereomicroscope. Thrips species were identiÞed based on their morphological differences and the number of each species on each trap was recorded.
Identification of Thrips. Species composition of thrips infesting mango orchards was determined during this study. The specimens were mounted on microscope slides according to the method of Mound (2007) . They were identiÞed using the taxonomic key, provided by Moritz et al. (2004) . IdentiÞed species were conÞrmed by Dr. Surakrai Permkam (Department of Pest Management, Faculty of Natural Resources, Prince Songkla University, Hat Yai, Thailand). Thrips specimens were deposited in the Insect Collection Unit, Laboratory of Entomology, Universiti Sains Malaysia, Penang.
Statistical Analysis. Relationship between density of thrips recovered from the mango panicle and captured on the sticky trap was analyzed using simple linear regression. The mean number of thrips on each trap was regressed against the mean number of thrips per panicle. Pearson correlation coefÞcient was used to determine the correlation between mean number of thrips adults captured by the CO 2 and sticky trap techniques in two seasons. Mean number of thrips captured on yellow sticky traps was compared at each cardinal direction and distance by using one-way analysis of variance (ANOVA). The Tukey test was used for all posthoc comparisons of signiÞcantly different P values of ANOVA (SPSS 2004) .
Results
Thrips Population Density by the CO 2 and Sticky Trap Methods. Four thrips species were collected by the CO 2 and sticky trap methods. Catches of thrips adults on the sticky traps indicated similar peaks to those thrips found in the panicles by using the CO 2 technique for the same dates, although population peaks were higher in the panicles than recorded on the sticky traps. Thrips hawaiiensis (Morgan) was the most frequently encountered species immobilized by CO 2 or trapped, followed by Scirtothrips dorsalis (Hood), Frankliniella schultzei (Trybom), and Megalurothrips usitatus (Bagnall). Mango ßowering period within the dry season commenced in late December 2008. The mean number of T. hawaiiensis and F. schultzei began increasing within 2 wk after the onset of ßowering. Populations of S. dorsalis and M. usitaus peaked 1 wk after the start of ßowering. The ßowering period in the wet season was initiated on the Þrst week of August 2009. T. hawaiiensis, S. dorsalis,and M. usitatus peaked on 20 August, 2 wk after bloom, whereas the Þrst peak of F. schultzei was observed on 13 August (Fig. 1) .
Capturing thrips by the yellow sticky traps indicated that populations of all thrips species decreased considerably between two mango ßowering seasons through March to July 2009 (Fig. 1 ). This population decline was attributed to a lack of mango panicles, but thrips density began to increase in late December after initial ßower development in the dry season (Table 1) .
Determining a Relationship Between Thrips Catches on the Sticky Traps and in the Panicles. There was a signiÞcant relationship between the mean number of all thrips species captured by the sticky trap and the mean number of all thrips species recovered per panicle in the orchard (df ϭ 1,16; F ϭ 291.35, y ϭ 0.836x-8.942, R 2 ϭ 0.95; P Ͻ 0.001) (Fig. 2) . Our results showed that the correlation between mean numbers of thrips captured per sticky trap and the mean number recovered from panicles was higher in the dry season compared with those thrips in the wet season, indicating that using sticky traps during the dry season (higher temperature and lower rainfall) is preferred ( Table 2) .
Dispersal by Thrips Adults. The number of adult thrips captured using the traps decreased with increasing distance from the mango orchard. This information clearly showed that thrips adults have short ßights and their population density was higher at their reproduction site. However, there was no signiÞcant difference among thrips densities caught in different distances (Table 3 ). All thrips species ßew as far as 10 m away from the orchard.
Direction of Thrips Flight. Cardinal directions had signiÞcant effect on trap captures of T. hawaiiensis (F ϭ 80.18; df ϭ 3,151; P Ͻ 0.001), S. dorsalis (F ϭ 71.14; df ϭ 3,151; P Ͻ 0.001), F. schultzei (F ϭ 37.05; df ϭ 3,151; P Ͻ 0.001), and M. usitatus (F ϭ 34.63; df ϭ 3,151; P Ͻ 0.001) (Fig. 3) . EastÐwesterly wind was predominant in the orchard. However, prevailing winds did not inßuence pattern of thrips aerial dispersal. Traps facing south signiÞcantly collected the highest number of all four species during the study, especially between two mango ßowering seasons, when there were not enough reproduction sites for thrips on mango trees (Fig. 4) . All thrips species probably move out of the orchard toward the abandoned land, potentially seeking food and refuge on several weed species growing in the area as ßower thrips have a wide range of hosts including weeds (Katayama 2006) .
Discussion
Thrips abundance patterns obtained by the yellow sticky trap throughout this study were found to be signiÞcantly correlated with the abundance reßected by those thrips generated from panicles by the CO 2 technique. Both collection techniques revealed the presence of four species of which population densities displayed marked seasonal variations. Reduced thrips population captured by both the CO 2 and the yellow sticky trap methods during the wet season was because of the impact of raindrops on the plant surface and sticky trap as documented in our previous study (Aliakbarpour and Che Salmah 2010b). The mean number of thrips captured by the sticky trap correlated well (high R 2 values) with the mean number of thrips recovered from the mango panicles by using the CO 2 collection technique for all four thrips species. Our study has statistically proven that thrips population levels on mango panicles can be reliably estimated using yellow sticky traps, which in turn can be a cost effective and practical monitoring method for thrips population (Pizzol et al. 2010) . SpeciÞc trap color can increase trap captures (Kirk 1987 , Brodsgaard 1989 , Gillespie and Vernon 1990 , Cho et al. 1995 , Childers and Brecht 1996 . In our case, all thrips species within the orchard were attracted to the yellow sticky traps used in the study. Studies elsewhere also showed that yellow color was the most attractive to Thrips tabaci Lindeman (Jenser et al. 2001, Al-Ayedh and Al-Doghairi 2004) ; Scirtothrips dorsalis (Chu et al. 2006) ; and Scirtothrips perseae Nakahara (Hoddle et al. 2002) .
Sticky traps estimate thrips population more readily than absolute monitoring methods and continuously capture specimens with reduced human effort (Southwood 1978) . However, sticky traps only capture ßying adults, whereas collection by the CO 2 technique includes both adults and larvae. hence, sticky traps are more useful as an early warning system to detect increase in aerial numbers of thrips adults in the Þelds (Childers and Brecht 1996, Grove et al. 2000) and capture rates can be used to initiate control actions to decrease applications of insecticides (Samways 1986) .
Our data showed that thrips adults were active throughout the entire growing season with relatively low populations between two mango ßowering periods. The number of trapped thrips decreased with increasing distance from a reproductive host. Masui and Shizuoka (2007) found that it is uncommon for adult thrips to travel very long distances, although orientation of insects can be facilitated by wind (Johnson 1966) . Normally, thrips cannot control their ßight path if wind speed exceeds their ßight speed (Lewis 1997c ), but they may be able to control their direction at very low wind speeds. In this study, the predominant wind did not affect thrips directionality. Most into orchard from the patches of wild land, regardless of the wind ßow patterns, which further strengthens the fact that the plants there serve as its secondary hosts (Katayama 2006) . Controlling weeds, especially in abandoned Þeld around the cultivated area, may be critically important in thrips management programs.
